We report here a systematic analysis of the eects of dierent p53 mutations on both spontaneous and radiation-stimulated homologous recombination in mouse L cells. In order to monitor dierent recombination pathways, we used both direct and inverted repeat recombination substrates. In each line bearing one of these substrates, we expressed p53 proteins mutated at positions: 175, 248 or 273. p53 mutations leading to an increased spontaneous recombination rate also stimulate radiation-induced recombination. The eect on recombination may be partially related to the conformation of the p53 protein. Moreover, p53 mutations act on recombination between direct repeats as well as between inverted repeats indicating that strand invasion mechanisms are stimulated. Although all of the p53 mutations aect the p53 transactivation activity measured on the WAF1 and MDM2 gene promoters, no correlation between the transactivation activity and the extent of homologous recombination can be drawn. Finally, some p53 mutations do not aect the G1 arrest after radiation but stimulate radiation-induced recombination. These results show that the role of p53 on transactivation and G1 cell cycle checkpoint is separable from its involvement in homologous recombination. A direct participation of p53 in the recombination mechanism itself is discussed.
Introduction
DNA repair and recombination, associated with cell cycle control, participate in a network of pathways managing genome integrity. Homologous recombination is an essential mechanism involved in fundamental processes such as DNA repair (Friedberg et al., 1995) , molecular evolution (Liebhaber et al., 1981; Arnheim, 1983) , gene diversi®cation (Baltimore, 1981; Reynaud et al., 1987; Becker and Knight, 1990 ) and chromosome segregation during meiosis (Roeder, 1990; Kleckner, 1996) . Contrasting with its role in genome maintenance, homologous recombination between homologous sequences dispersed through the genome, may lead to profound rearrangements such as: inversions, deletions, duplications (Bollag et al., 1989) . Additionally, gene conversion leads to loss of heterozygosity when acting between two heteroalleles (Cavenee et al., 1983; Xia et al., 1994) or to gene inactivation when acting between a gene and a related pseudogene (Amor et al., 1988) .
Cell cycle control has been shown to be essential to maintain genome integrity. For example, alteration of the G1 checkpoint would allow replication to take place on DNA templates bearing spontaneous or induced lesions. These lesions can block the progression of replication forks leading to the formation of single-and double-stranded breaks which are highly recombinogenic structures (Hartwell, 1992) . The gene p53, which is the most frequently mutated gene in tumors, plays a pivotal role in the control of the G1 checkpoint (for reviews see Donehover and Bradley, 1993; Smith and Fornace, 1995; Hainaut, 1995; Ko and Prives, 1996; Tyler and Weinberg, 1996) . Analysis of p53 mutant cells show that (i) they have lost their capacity to inhibit cell growth after exposure to DNA damaging agents, (ii) they exhibit a high level of spontaneous chromosomal abnormalities (Bouer et al., 1995) , a higher likelihood of gene ampli®cation (Livingstone et al., 1992; Yin et al., 1992) and higher levels of spontaneous recombination between SV40 genomes (Wiesmuller et al., 1996) or between intrachromosomal repeat sequences (Bertrand et al., 1997; Mekeel et al., 1997) . Besides this indirect potential role on homologous recombination via cell cycle control, a direct participation of p53 protein in the recombination mechanism itself could be possible. Indeed, a physical interaction has been reported between p53 protein and Rad51 protein, a putative recombination protein in mammalian cells (Sturzbecher et al., 1996; Buchhop et al., 1997; Marmorstein et al., 1998) . In addition, a role on the correction of heteroduplexes created during the recombination process, has been proposed for p53 protein (Dudenhoer et al., 1998) . Ionizing radiation produces DNA double strand breaks which are highly recombinogenic structures and strongly stimulates recombination in bacteria and yeast. In mammalian cells the situation appears to be more complex. For instance, according to dierent reports, opposite conclusions can be drawn, concerning the stimulation of recombination by ionizing radiation (Benjamin and Little, 1992; Park, 1995; Wang et al., 1988) . It can be suggested that the stimulation of homologous recombination by g-rays may depend on the type of substrates or on the genetic background of the cells. Since p53 protein plays an essential role in the cellular response to ionizing radiation, the question of the eect of the p53 status on g-rays induced homologous recombination is of particular interest.
In order to precisely characterize the relationships between homologous recombination, G1 checkpoint, and p53 status, we performed here a systematic analysis of the eect of the expression of a set of dierent mutant p53 proteins on spontaneous recombination and also on g-ray-induced recombination. Mutant p53 proteins have been shown to aect the activity of the wild type p53 protein via an inter-species co-dominant negative process (Milner and Medcalf, 1991) . In the present work we took advantage of this strategy to study the eect of dierent p53 mutations on spontaneous or radiation-induced recombination between direct or inverted repeat sequences. We focused here on the three most frequently mutated positions of p53 protein found in human tumors: positions 175, 248 and 273. We expressed the p53 mutant proteins in cell lines with two dierent kinds of recombination substrates, in order to measure dierent pathways for intrachromosomal homologous recombination. We used here two parental lines both deriving from mouse L-cells; one line contains the recombination markers in direct repeat orientation (line pJS3 ± 10) and the other line contains the recombination markers in inverted repeat orientation (line pJS4 ± 7 ± 1) (Liskay et al., 1984) . Recombination between direct repeats results in two types of products: (i) gene conversion keeping intact the structure of the locus and arising via a strand invasion (SI) mechanism and (ii) deletion events (Figure 1 ). The latter events can result from dierent processes such as crossing over arising via SI, single strand annealing (SSA) and replication slippage (for review see Klein, 1995) . In contrast, homologous recombination between inverted repeat sequences can only arise via SI. In yeast, the SI mechanism is dependent on the RAD52 episthasis group including RAD51, RAD52, RAD54, RAD55, RAD57 genes, whereas SSA does not require RAD51, RAD54, RAD55, RAD57 genes. Beside Rad52, SSA is dependent on the nucleotide excision repair proteins Figure 1 Organization of the recombination substrates to measure intrachromosomal recombination between tandem repeat sequences. The parental lines are mouse Ltk 7 (sensitive to HAT medium) containing a unique copy of a chromosomal duplication of two Herpes Simplex type I (HSVI) TK genes (dashed boxes). Each TK sequence is inactivated by a linker insertion (~). (a) Direct repeat orientation, (b) Inverted repeat orientation (the letters a and z show the orientation of the intervening sequence). The nonreciprocal transfer of genetic information (gene conversion) can restore one functional TK gene conferring the resistance to HAT medium. This mechanism can act on direct repeat (a) as well as on inverted repeat (b) sequences, is a conservative mechanism and requires a strand invasion process; it is thus RAD51-dependent in yeast (Klein, 1995; Lambert et al., 1999) . (a) Alternatively, recombination can lead to deletion events between direct repeat sequences via several dierent mechanisms: (1) Crossing over between mispaired sister chromatids or intrachromatid crossing over, result from a strand invasion process (RAD51-dependent); (2) Single Strand Annealing (SSA). After the production of a double strand break, an exonucleolytic degradation creates two complementary single-stranded tails that can be annealed. This process does not require strand invasion and is consequently RAD51-independent. Resolution of the protruding non-paired single-stranded tails requires Rad1, Rad10, Msh2 and Msh3 proteins in yeast (Ivanov et al., 1996; Sugawara et al., 1997) . Other mechanisms (not drawn here) such as replication slippage can also lead to deletion between direct repeats. These processes are also RAD51-independent (for review see Klein, 1995) . (b) Crossing over between inverted repeats would lead to the inversion of the intervening sequence. Replication slippage cannot be measured with inverted repeats. SSA cannot work with inverted repeats because the exonucleolytic degradation would produce identical but noncomplementary single-stranded DNA that are unable to anneal (Lin et al., 1987) . The inverted repeat substrate mostly monitors recombination arising by strand invasion (RAD51-dependent) mechanism p53 mutations and homologous recombination Y Saintigny et al Rad1 and Rad10, and on the mismatch repair proteins Msh2 and Msh3 (Ivanov et al., 1996; Sugawara et al., 1997) . Homologues to all of these genes have been described in mammalian cells.
In the present work, we show that p53 mutations stimulate homologous recombination with both kinds of recombination substrates, thus that strand invasion mechanisms are stimulated. In addition, we show that the eect of p53 mutations on homologous recombination is independent of their eect on the G1 checkpoint, showing that these functions of p53 can be separable.
Results

Expression of dierent p53 mutations in the recipient lines
We used two mouse L-cell lines (pJS3 ± 10 or pJS4 ± 7 ± 1) containing a unique intrachromosomal copy of a HSV-TK tandem repeat sequence. In the pJS3 ± 10 line, the repeats are in direct orientation whereas in the pJS4 ± 7 ± 1 the repeats are in inverted orientation (Liskay et al., 1984) . Thus recombination in pJS3 ± 10 can arise by SI, SSA, replication slippage or other mechanisms (Figure 1 ). In pJS4 ± 7 ± 1, recombination arises only by SI (for review see Klein, 1995) .
Mouse L-cells are wild type for p53. Overexpression of a mutant p53 protein has been shown to override the endogenous wild type p53 protein in a dominant negative manner by forming complexes with the wild type protein and functionally inactivating it. We previously used this strategy to show that the expression of the His175 mutant p53 protein in pJS3 ± 10 line, resulted in a p53 mutant phenotype with regard to the G1 block after irradiation and led to an increase of spontaneous recombination between direct repeat sequences (Bertrand et al., 1997) . In the present work we expressed dierent p53 mutations in pJS3 ± 10 as well as in pJS4 ± 7 ± 1 cell lines. The expression of the exogenous mutant as well as of the endogenous wild type p53 proteins was checked by Western blot using the monoclonal antibodies DO7 or HR231 (Figure 2 ). For each clone and whatever the mutation, the exogenous mutant p53 protein appears to be less expressed than the endogenous wild type p53 protein ( Figure 2b ). However, this interpretation postulates that the HR231 antibody presents an anity for the wild type mouse p53 protein similar to that for the human mutant. In addition, the exogenous mutant p53 protein does not signi®cantly aect the expression of the endogenous p53 protein.
Finally, radiation leads to stabilization of both the The parental lines are pJS 3 ± 10 and pJS 4 ± 7 ± 1 (mouse L cells), they possess an endogenous wild type p53 protein. No exogenous p53 was expressed in these lines. CDR 1 is a pJS 3 ± 10 line transfected with the empty expression vector. Table 1 .
The consequences of the expression of the mutant p53 proteins was evaluated according to two criteria: the p53 transactivation activity and the G1 arrest after radiation. Transactivation was measured on the promoter of two genes controlled by p53: WAF1 and MDM2 ( Figure 3 ). All the lines expressing the mutant p53 proteins exhibit a decrease in the transactivation capacities of both WAF1 and MDM2 gene promoters. Lines with Gln248 and Pro273 show the strongest decrease (Figure 3 ). This result shows that all the mutant proteins used here are able to titrate the endogenous wild type p53 protein, at least for the transactivation activity.
The eect on the G1 arrest was estimated by the percentage of cells in S phase after exposure to g-rays.
The control line pJS3 ± 10 shows an 85% drop of the S phase-cells percentage, 24 h after irradiation at 6 Grays ( Figure 4 ). In the line expressing the His175 mutant p53 protein, the fall is only of 20%. Thus, the expression of His175 impairs an ecient G1 arrest as already described (Bertrand et al., 1997) . However, none of the other p53 mutations signi®cantly aect the G1 block after radiation (Figure 4 ).
Rates of spontaneous homologous recombination
Spontaneous rate of homologous recombination was determined by¯uctuation analysis. The rate of recombination/cell/generation was calculated according to two classical methods: Luria and Delbruck (1943); Capizzi and Jameson (1973) ; Lea and Coulson (1948) . Interestingly, p53 mutations act similarly on both tandem repeat systems. Mutations stimulating recombination between direct repeats also stimulate Figure 3 Eect of the expression of the dierent mutant p53 proteins on the p53-dependent transactivation. Plasmid bearing the luciferase gene under the control of either the WAF1 (a) gene promoter or the MDM2 (b) gene promoter. The activity of these two promoters was measured by the enzymatic detection of the luciferase. The activity of the parental line (pJS3 ± 10) is 100% and the activity of the p53 mutant lines are normalized to this value Figure 4 G1 arrest after radiation was estimated by the diminution of the frequency of cells in S phase after treatment with g-rays. In a non-irradiated and non-synchronous population, cells in S phase represent 30 ± 50% of the total cell population. In the ®gure, the frequency of cells in S phase after irradiation is normalized to that of the non-irradiated population. DNA content was estimated by¯ow cytometry 24 h after irradiation at the doses indicated. The name of the lines is indicated on the ®gure p53 mutations and homologous recombination Y Saintigny et al recombination between inverted repeats. Reciprocally, mutations inecient to signi®cantly stimulate recombination between direct repeats are also inecient with inverted repeats (compare Tables 2 and 3 ). The mutation His175 shows a 3 ± 5-fold increase of recombination between direct repeats, as we have previously described (Bertrand et al., 1997) . We show here that recombination between inverted repeats is also stimulated to a similar extent. In contrast Gly175, a mutation in the same amino acid but with a dierent substitution, does not signi®cantly stimulate spontaneous recombination either between direct repeat or between inverted repeat sequences. Similarly, mutations at the residue 273 lead to diering eects, depending on the amino acid substitution. Pro273 stimulates recombination 3 ± 9 times between direct repeats as well as between inverted repeats, while His273 is without signi®cant eect on the recombination rate in both recombination systems. In two independent clones expressing the His273 mutation, recombination between inverted repeats seems to be slightly increased (2 ± 3 times) when using the Lea and Coulson test, however it was not signi®cantly increased when calculation was made according to the Capizzi and Jameson method. Finally, Gln248 also stimulates recombination (direct and inverted repeats) from 3 ± 7 times, i.e. to similar extent than His175. When comparing the dierent results, it appears that the spontaneous rate of recombination (Tables 2 and 3 ) cannot be directly correlated either with the level of expression of the exogenous mutant p53 proteins (Figure 2) , or with the transactivation activity ( Figure  3 ) or with the G1 block after radiation (Figure 4 ).
Homologous recombination after ionizing radiation
It has previously been shown that ionizing radiation did not stimulate recombination between direct repeats in a similar cellular system (Wang et al., 1988) . We 
process with direct as well as with inverted repeats. We con®rmed that ionizing radiation does not stimulate recombination between direct repeats in the parental line pJS3 ± 10 ( Figure 5 ). We show here in addition, that expression of the mutant His175 p53 protein does not modify the radiation sensitivity of the cells (Figure 5a ) but results in a stimulation of homologous recombination following exposure to grays, in a dose-dependent manner (Figure 5b) . The radiation stimulation ranges from 3 ± 6 times at a dose of 6 Grays corresponding to a survival frequency comprised between 4 and 8% ( Figure 5 ). Gln248 and Pro273, the other mutations resulting in an increase of spontaneous recombination, also lead to a stimulation of recombination after irradiation but to a lower extent for Gln248 (Figure 6 ). The two mutations that do not stimulate spontaneous recombination (Gly175 and His273) exhibit dierent behavior. Four independent clones carrying the His273 mutation fail to signi®cantly stimulate recombination after radiation. In contrast, in the Gly175 clones, radiation induces recombination from 2 ± 3 times, i.e. in similar range than the Gln248 mutation ( Figure 6 ). Interestingly the dierent p53 mutations exhibit the same behavior with inverted repeat substrates and with direct repeat substrates. His175 and Pro273 are the two more ecient recombination stimulators, Gly175 and Gln248 stimulate recombination to a lesser extent and His273 is unable to increase recombination after radiation (Figure 6b ).
Discussion
The strategy used here gives us the opportunity to compare the eect of dierent mutations of p53 in genetic backgrounds as similar as possible. Rather than comparing cell lines from various sources, bearing dierent p53 mutations, we expressed the p53 mutations in a common recipient cell line. Furthermore all the dierent lines derive from the same parental line containing a single copy of the recombination substrates. Thus, in each condition recombination rates are calculated for one copy of substrate, located at the same locus.
We measured recombination between direct repeats and between inverted repeats in all the conditions analysed here. The importance of distinction between direct vs inverted repeats becomes apparent when intrachromosomal recombination mechanisms are discussed (Klein, 1995) . Indeed, direct repeats recombination refers to a mix of dierent mechanisms: SI, SSA, replication slippage and others (see Figure 1 and Klein, 1995) . Inverted repeats recombination allows to focus on SI mechanisms. These concepts mainly derive from work in yeast, however these mechanisms have been also described in mammalian cells. The molecular pathways and the genes involved in these mechanisms have been identi®ed in yeast and often present homologues in mammalian cells. For instance, SSA is dependent on the nucleotide excision repair Rad1 and Rad10 proteins, as well as the mismatch repair proteins Msh2 and Msh3. RAD10 corresponds to ERCC1, RAD1 to XP-F, MSH2 and MSH3 correspond to hMSH2 and hMSH3 respectively in human cells. Remarkably, alteration of these genes leads to tumor predisposition (for review see Friedberg et al., 1995) . SI in yeast, is dependent on the RAD52 epistasis group including RAD51, RAD52, RAD54, RAD55, RAD57, all of these yeast genes presenting putative homologues in mammalian cells. In addition, the RAD51 pathway may also be connected to the cancer prevention and may have developed speci®c characteristics in mammalian cells. Indeed, hRad51 protein has been shown to interact with the tumor suppressor proteins Brca1, Brca2 and p53 (Sturzbecher et al., 1996; Scully et al., 1997; Mizuta et al., 1997; Marmorstein et al., 1998) . This conservation of genes and of molecular mechanisms, justi®es a strategy using in parallel direct and inverted repeat substrates to identify candidate pathways involved in the genetic control of homologous recombination in mammalian In our experiments, recombination between direct repeats or between inverted repeats varies similarly: stimulation of recombination acts on both types of substrates. Importantly, the fact that most of the mutant p53 proteins stimulate spontaneous and/or radiation-induced recombination between inverted repeats permits the conclusion that SI is stimulated. This conclusion is backed up by the observation that the ratio gene conversion vs deletion (80% vs 20%) remains unchanged in cells expressing the His175 p53 protein although the total rate of recombination is increased. This shows that gene conversion (i.e. SI mechanism) events are increased in these cells (Bertrand et al., 1997) .
The p53 mutations analysed here exhibit diering capacities to stimulate homologous recombination (see Table 4 ). In the present experiments, we cannot know whether mutant p53 proteins act directly on the homologous recombination process itself or whether they inhibit the endogenous wild type p53 activity. The latter hypothesis would agree with reports showing that the wild type p53 protein inhibits homologous recombination (Wiesmuller et al., 1996) and that its inactivation leads to stimulation of homologous recombination (Mekeel et al., 1997) . In the present report, p53 mutations leading to a stimulation of spontaneous recombination also lead to an increase of radiation-induced recombination. Indeed, mutations showing the more pronounced eect on spontaneous recombination (His175, Pro273) also show the strongest stimulation of radiation-induced recombination. However, the extent of radiation-induced recombination is not directly correlated to the extent of spontaneous recombination stimulation: in contrast to Gln248, Gly175 does not stimulate spontaneous recombination, but is as ecient as Gln248 in stimulation of radiation-induced recombination. In addition, differing mutations at the same position in p53 may dierently aect homologous recombination rate. Mutations at the residues Arg175 and Arg273 show dierent eects on homologous recombination, according to the substituting amino acid: His175 stimulates both spontaneous and radiation-induced recombination whereas Gly175 has no eect on spontaneous recombination. This result is in agreement with a previous report showing that (i) the mutant His175 adopts a mutant conformation and is aected in all its biological activities; (ii) the mutant Gly175 is an unstable protein in SAOS-2 cells (Ory et al., 1994) . However, our results have shown in addition, that radiation can stabilize the Gly175 p53 protein (see Figure 2) . This radiation-dependent stabilization of the Gly175 protein may explain its mutant phenotype for homologous recombination after treatment with g-rays. At the position 273, the replacement of the Arg amino acid by a His is without eect on homologous recombination but the substitution by a Pro produces the more pronounced eects on recombination. This result could be associated to the fact that the His273 protein keeps a wild type conformation whereas the Pro273 protein adopts a mutant conformation as described (Ory et al., 1994) . The conformation of the mutant p53 proteins constitutes an explanation of our results, but only partially. Indeed, the two mutant p53 proteins most ecient in stimulating spontaneous and radiation-induced recombination are His175 and Pro273, both of which exhibit a mutant conformation. In contrast, Gln248 exhibits a wild type conformation (Ory et al., 1994) and is able to stimulate radiationinduced recombination to a much lesser extent, for radiation-induced recombination.
In many cases, the status of p53 aects spontaneous and radiation-induced recombination in parallel. This may indicate that p53 acts on spontaneous and radiation-induced recombination via common general mechanisms. Several mechanisms may account for the eect of p53: (i) an indirect eect via the transactivation activity and the control of the G1 checkpoint or (ii) a direct eect on the recombination mechanism itself. A negative eect of RAD51 on the transactivation activity of p53 has recently been reported (Marmorstein et al., 1998) . This observation may suggest that the eect of p53 on recombination could act via its transactivation activity. The transactivation experiments ®rst con®rmed the p53 wild type status of the control cell lines, i.e. pJS3 ± 10, pJS4 ± 7 ± 1 and CDR1. These experiments also show that all the mutant p53 proteins used here are able to partially inhibit the endogenous p53 activity. In addition, His175 is as ecient as Gly175 and His273 in inhibiting transactivation but is, in contrast to them, able to stimulate recombination. Taken together, these results show that no correlation can be drawn between the transactivation activity and the extent of spontaneous as well as radiation-induced recombination. In addition, our results do not ®t with the hypothesis involving the absence of G1 block for the stimulation of recombination. Indeed, some p53 mutant proteins do not alter the G1 block after Corresponds to the control cell line (see Table 1) p53 mutations and homologous recombination Y Saintigny et al radiation (for instance: Gln248, Pro273), but are able to stimulate spontaneous and radiation-induced recombination. This observation reveals that the control of the G1/S transition and the control of the recombination process are separable activities of the p53 protein. A heterogeneous response to dierent p53 mutations has already been described for other p53 end-points. For instance, the activation of apoptosis and of cell cycle arrest have been shown to be separable activities indicating that p53 protein can control the choice between dierent alternatives: cell cycle arrest or apoptosis (Ryan and Vousden, 1998) . Since p53 alteration stimulates homologous recombination independently of the transactivation activity and of the G1 arrest, our results may argue in favor of a direct action of p53 protein on the recombination mechanism itself. Several other lines of evidence support this conclusion. Firstly, a recognition of the Holliday junctions by the p53 tetramer may suggest an involvement of p53 protein in the resolution of the recombination intermediates and would thus abort the progression of the branch migration (Lee et al., 1997) . Secondly, it has been shown that the wild type p53 protein inhibits recombination between SV40 genome by correcting the heteroduplexes created during the recombination process (Dudenhoer et al., 1998) . Expression of the mutant p53 proteins might thus aect p53 heteroduplex correction, leading to an increase in the number of recombinant clones. Thirdly, the interaction of the wild type p53 protein with Rad51 would inhibit homologous recombination (Sturzbecher et al., 1996) . Mutant p53 proteins seem to be unable to interact with Rad51 (Sturzbecher et al., 1996; Buchhop et al., 1997) . The residue 273 or p53 protein is located in the region of interaction with Rad51 (Buchhop et al., 1997) and possibly the mutation His273 conferring a p53 wild type conformation (Ory et al., 1994) would not alter the interaction with Rad51 while the Pro273, leading to a mutant conformation (Ory et al., 1994) , would destabilize the interaction with rad51.
Finally, if we assume that HR231 antibody has a similar anity for the exogenous and for the endogenous p53 proteins, this would imply that mutant p53 protein acts on recombination, even when its expression level was much lower than that of the wild type p53 protein. This observation may suggest that p53 heterozygous cells would exhibit a general stimulation of genetic recombination in the entire genome. However, additional experiments would be required to assess this hypothesis. Nevertheless, this consideration is of particular importance with respect to the involvement of homologous recombination in genome rearrangements (inversion, deletion, translocation) and the implication of gene conversion in the propagation of genetic alterations (even point mutations). The consequence of this would be that mutation of only one allele of p53 would be sucient to increase the probability of genome modi®cation, even in absence of cell cycle control alteration.
In conclusion (see Table 4 ), cells expressing mutant p53 proteins generally show a higher likelihood of spontaneous and of radiation-induced recombination. More speci®cally, among the processes of homologous recombination, the strand invasion mechanism is stimulated and the type of p53 mutation may modify this phenotype. More importantly, our results show that the increase of recombination is not correlated with the transactivation activity and can be independent of an absence of G1 arrest after radiation, suggesting a direct action of p53 protein on the recombination process itself.
Materials and methods
DNA manipulations
All DNA manipulations were performed as described (Sambrook et al., 1989) .
Cells and plasmids
Mouse L cells (pJS3 ± 10, pJS4 ± 7 ± 1 and their derivatives) were cultured at 378C with 5% CO 2 in Dulbecco's modi®ed Eagle medium supplemented with 10% fetal bovine serum. TK + clones were selected in HAT medium (100 mM hypoxanthine, 2 mM aminopterin, 15 mM thymidine) as described (Liskay et al., 1984) . The dierent p53 cDNA were driven by the CMV promoter and constructed as described (Ory et al., 1994) . These plasmids were cotransfected with pHYG (Clontech) containing the hygromycin resistance gene. Clones resistant to hygromycin (200 mg/ml) were selected and screened for the expression of the human mutant p53 protein, by Western blot.
Measure of the cell cycle after g-irradiation
For each point, 10 6 cells were plated in DMEM and incubated for 24 h at 378C. Cells were then washed in PBS buer and irradiated (in PBS) at the indicated doses using a 60 Co irradiator (2.5 Grays/min). PBS was then replaced by DMEM and the cells were incubated at 378C. Twenty-four hours after irradiation, cells were trypsinized, collected by centrifugation (5 min at 2000 g), re-suspended in 500 ml PBS and ®xed by adding 1.5 ml of cold ethanol. The DNA content was estimated by propidium iodide¯uorescence and DNA Flow Cytometry (FACSstar, Becton).
Measure of the transactivation activity on the WAF1 and MDM2 gene promoters Cells were transfected with the WWp-Luc plasmid containing the luciferase reporter gene under the control of the WAF1 gene promoter (El-Deiry et al., 1993) or with the pGLaBasic plasmid containing the luciferase gene under the control of the MDM2 gene DNA binding sequence (provided by M Oren). As a transfection control, we also transfected the cells with a plasmid containing the EGFP gene (Clontech) under the control of the PGK gene promoter. No dierences in the transfection eciency was recorded between each line. The transactivation of the WAF1 and MDM2 promoters was measured using the luciferase activity. Seventy-two hours after the transfection, cell extracts were prepared and the luciferase activity was measured with the Luciferase Assay System kit (Promega) and using the Microlumat LB 96P (Berthold EG & G instrument) luminometer.
Western blot analysis
All extract preparation steps were performed at 48C. After washing with PBS, cells were suspended in lysis buer A (25 mM Tris, pH 7.5, 5 mM EDTA, 600 mM NaCl, 1 mM DTT, 0.1% NP40, 5 mg/ml Leupeptin, 2 mM Pepstatin, 1 mM PMSF, 10% glycerol) and incubated for 30 min. Extracts were centrifuged 30 min at 15 000 g, supernatant was retrieved and protein concentration was determined using the Biorad Protein Assay (Biorad). Fifty mg/well of the bodied samples were loaded on a 10% polyacrylamide gel electrophoresis (PAGE) in presence of SDS. After migration, the proteins were electrotransferred on a nitrocellulose membrane and probed with speci®c antibodies. Standard procedures were used for the electrophoresis, transfer and Western blotting (Laemmli, 1970) . HR231 antibodies detect human exogenous as well as mouse endogenous p53 proteins. DO7 antibodies are speci®c for human p53 protein and thus detect the mutant exogenous human p53 protein. Antibodies were revealed using the ECL detection kit (Amersham).
Measure of the recombination
The cell lines used: we used the cell lines and the strategy developed by Liskay and coworkers to measure homologous recombination (Liskay et al., 1984) . The recipient lines are Ltk 7 , sensitive to the HAT selective medium. These lines contain a unique copy of a tandem repeat of Herpes Simplex Virus type I (HSV1) TK gene, integrated into the cellular genome. Each HSV-TK sequence is inactivated by linker insertions; the cells are thus tk 7 and thus sensitive to the HAT medium. Recombination between the two HSV-TK sequences can restore a functional TK gene. The recombinant cells become TK + and resistant to the HAT medium. The number of HAT resistant clones on the total number of plated cells give the frequency of recombination.
Fluctuation analyses for spontaneous recombination were performed as previously described (Liskay et al., 1984; Bertrand et al., 1997) . For each line analysed, several independent cultures were plated and cultured to confluence. Cells were then trypsinized, counted and one portion was used for plating eciency estimation. The remaining cells were plated under HAT selection and the resulting number of TK + clones allowed us to calculate the recombination frequency. The rate of recombination per cell per generation was calculated by using¯uctuation tests of Luria and Delbruck (1943); Capizzi and Jameson (1973) or of Lea and Coulson (1948) .
Recombination frequency after g-rays: Cells were irradiated (in PBS) at the dose indicated, using a 60 CO irradiator (2.5 Grays/min). After irradiation the PBS was replaced by DMEM and the cells were incubated at 378C for 24 h. The cells were then trypsinized and divided in two fractions. The ®rst fraction was used to calculate the viability by measuring the plating eciency. The second fraction was plated under HAT selection to measure the frequency of TK + clones. The recombination frequency was estimated by the ratio: number of TK + clones on the total number of surviving clones.
